Previous studies suggest that metformin may exert a protective effect on cisplatin-induced cytotoxicity in cancer cells, and this finding has led to a caution for considering metformin use in the treatment of cancer patients. However, in this paper we provide the first demonstration that metformin synergistically augments cisplatin cytotoxicity in the esophageal squamous cancer cell line, ECA109, under glucose-deprivation conditions, which may be more representative of the microenvironment within solid tumors; this effect is very different from the previously reported cytoprotective effect of metformin against cisplatin in commonly used high glucose incubation medium. The potential mechanisms underlying the synergistic effect of metformin on cisplatininduced cytotoxicity under glucose-deprivation conditions may include enhancement of metformin-associated cytotoxicity, marked reduction in the cellular ATP levels, deregulation of the AKT and AMPK signaling pathways, and impaired DNA repair function.
Introduction
Esophageal cancer is a highly malignant and lethal disease, with an uneven worldwide distribution and particularly high incidence in China [1] . Although a significant improvement of treatment outcome has been reported due to the innovation of therapeutic modality over the last 3 decades, the 5-year overall survival remains dismal at 10% to 20% [2] . Therefore, there is a strong demand for new curative approaches for this disease.
Cisplatin (cis-dichlorodiammineplatinum, DDP) is the most commonly used chemotherapeutic agent in the treatment of a wide variety of solid tumors, including esophageal cancer. Cisplatin has multiple mechanisms of cytotoxicity, including generation of DNA and protein adducts and oxidative stress, which drive the activation of apoptosis cascades [3] . However, drug refractory is often observed in clinical settings, which may be associated with the heterogeneous microenvironment of solid tumors. Glucose-deprivation is a consequence of poor vasculature and limited glucose supply and is commonly observed in the solid tumor microenvironment. In vivo, normal serum glucose is usually maintained between 4 and 6 mM, whereas the glucose concentration within solid tumor has been observed to be markedly lower, typically lower than 0.5 mM [4] [5] [6] . These restricted glucose levels have been shown to induce cell cycle arrest, slow the cellular proliferation rate, and drive tumor cells into quiescence [7] . In addition, it has been well established that DDP, as a DNA-targeting agent, is more effective in rapidly dividing cells than in static cells and that the quiescent cells present in the low-glucose microenvironment within solid tumor are more resistant to DDP [7, 8] and may potentially be responsible for treatment failure.
Metformin is the most widely used oral hypoglycemic agent in type 2 diabetes because of its favorable toxicity profile and extremely low cost. In addition, it recently gained increasing interest from the medical community due to its potential antitumor effects [9] . A growing body of data suggests that metformin may elicit antitumor effects alone [9, 10] or synergistically improve the response of radiotherapy or chemotherapy [9, 11, 12] . However, recent studies showed an unexpected antagonistic effect of metformin on the cytotoxicity of DDP in vitro [13, 14] , suggesting that caution should be taken when considering metformin for the treatment of diabetic cancer patients receiving DDP or as a potential adjuvant in DDP-based chemotherapeutic regimens. Here, we provide the first demonstration that, in contrast to the in vitro results obtained under artificially high glucose concentrations (10 to 25 mM), the treatment of esophageal squamous cell carcinoma (ESCC) cells with metformin synergistically augments DPP-induced cytotoxicity under low-glucose conditions (0.5 mM), which more accurately reflect the lower glucose levels present within the solid tumor microenvironment in vivo [4] [5] [6] . Therefore, the application of metformin in the treatment of patients with esophageal squamous cell carcinoma (ESCC) warrants further investigation.
Materials and Methods

Cell Line and Cell
Culture. The ESCC cell line ECA109 was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were maintained in RPMI 1640 medium (KeyGEN Biology, Nanjing, China) supplemented with 10% fetal bovine serum (FBS, Gibco, Auckland, New Zealand) at 37 ∘ C in humidified air containing 5% carbon dioxide. RPMI 1640 medium with varying concentrations of glucose was obtained by mixing complete RPMI 1640 media with glucose-free RPMI 1640 medium at the appropriate volume proportions.
Cell Viability Analysis.
The cell viability was assayed using the CCK-8 kit (KeyGEN Biology, Nanjing, China) according to the manufacturer's instructions. ECA109 cells were plated in 96-well plate for 24 hours, and medium was then replaced with normal complete RPMI 1640 medium containing 11.1 mM glucose (high glucose medium) or RPMI 1640 medium with 0.5 mM glucose (glucose-deprivation medium). The indicated concentration of metformin was then added to both groups, and 1 M DDP was added to specific wells that contained media alone or supplemented with indicated concentration of metformin. The cells were incubated for 48 hours, and then 10 L of CCK-8 was added directly to the 96-well plate. After the plate was incubated for 3 hours, the absorbance of the plates at 450 nm was read using a microplate reader (Biotek, MQX200).
ATP Assay.
The cells were seeded in 6-well plates and allowed to grow for 24 hours. The incubation medium was then replaced with either fresh high glucose medium or glucose-deprivation medium. Metformin (200 M) was then added to specific wells, and, 24 hours after treatment, equal numbers of cells from each treatment group were lysed with ice-cold lysis buffer. Ten microliters of lysate supernatant was used for the ATP assay following the manufacturer's protocol (ATP Determination Kit, Beyotime Biotechnology, Jiangsu, China). Briefly, 10 L of the sample lysate supernatant was added to the 100 L reaction solution, and the fluorescence was measured. The background fluorescence, which was measured for 100 L of the standard reaction solution, was subtracted from the fluorescence of the sample, and the results were plotted as fold changes compared with the control group.
Western
Blot. ECA109 cells were treated with or without 200 M metformin in high glucose medium or glucosedeprivation medium and the protein expression and phosphorylation of AMPK and AKT were evaluated by western blotting. Briefly, ECA109 cells were seeded in 6-well plates and cultured to approximately 50% confluence. The medium in specific wells was replaced with fresh high glucose or glucose-deprivation medium supplemented with or without 200 M metformin. The cells were then incubated for an additional 24 hours. Following the indicated treatments, cell protein extracts were prepared, and western blots were performed using 80 g of protein extract as previously described.
Immunofluorescence Assay. ECA109 cells were plated onto 35 mm
2 plastic dishes and cultured to approximately 50% confluence. The medium was then replaced with high glucose medium or glucose-deprivation medium. After incubation for 6 hours, 200 M metformin and 1 M DDP were simultaneously added to the two groups of dishes. Three hours later, the cells were collected, fixed in 4% paraformaldehyde solution (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at room temperature, and permeabilized in 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. The cells were then blocked with 5% bovine serum albumin (BSA, Beyotime Biotechnology, Jiangsu, China) for 3 h, incubated with a primary antibody against -H2AX (Ser139, Cell Signaling Technology, MA, USA) overnight at 4 ∘ C, rinsed three times with PBS for 5 min per wash, and incubated with an Alexa Fluor 488-conjugated secondary antibody (Cell Signaling Technology, MA, USA) for 1 hour. The cells were then exposed to 1 g/mL DAPI (4 ,6-diamidino-2-phenylindole, KeyGEN Biology, Nanjing, China) for nuclear DNA staining, rinsed three times with PBS for 5 min per wash, and visualized using a confocal fluorescence microscope (Leica Microsystems, Germany).
Statistical Analysis.
The numerical results are presented as the means ± SD. A -test was performed to compare the means of different groups using Prism 5.0 software (GraphPad Prism). For all statistical analyses, a value less than 0.05 was considered statistically significant.
Results
In glucose-deprivation medium, metformin showed significantly enhanced cytotoxicity and synergistically augmented the cytotoxicity of DDP.
First, we performed a dose-survival experiment with metformin on ECA109 cells under high glucose and low-glucose conditions. As shown in Figure 1 The CCK-8 reading of each point was normalized to the reading of control cells maintained in high glucose and glucose-deprivation medium, respectively. # indicates no significant difference, * indicates < 0.05, * * indicates < 0.01, met is short for metformin, and DDP is short for cisplatin.
150 to 267), whereas the IC 50 increased to 6.21 mM (95% CI: 3.63 to 10.62) when medium was changed to normal RPMI 1640 medium with 11.1 mM glucose. Thus, in this study, we found that the in vitro cytotoxic effect of metformin on ECA109 increased approximately 32-fold in the glucosedeprivation medium compared with that observed in high glucose medium, as determined through the IC 50 values.
Second, we found that, in high glucose medium, metformin slightly protected ECA109 cells against DDP cytotoxicity. As shown in Figure 1 (b), 1 M DDP showed significant cytotoxicity, as determined by the cell viability, which was only 28.3% compared with the control cells. High concentrations of metformin (1 mM and 2 mM) led to moderate cytotoxicity on ECA109 cells because the observed cell viability was approximately 76.7% and 70.2% of that obtained for the control cells, respectively. However, we found that the combination of metformin and DDP did not induce synergistic cytotoxicity in ECA109 cells. In contrast, cotreatment with metformin appeared to slightly protect ECA109 cells from DDP-induced cytotoxicity, as demonstrated by the cell viability of the combination groups, which were 30.2% and 30.3% of that obtained for the control cells. This protective effect of metformin was slightly, albeit significantly, higher than that observed in the cells treated with 1 M DDP alone, as demonstrated by the -test and values, which reached 0.022 and 0.006, respectively.
Third, we found that the cytotoxicity effect of DDP was markedly lower in glucose-deprivation medium than in high glucose medium because the viability of the cells treated with 1 M DDP was approximately 70.1% of that obtained for the control cells, a value that is clearly higher than the viability of 28.3% obtained under high glucose conditions. These findings are consistent with previous reports that quiescent cells are more resistant to DDP [7, 8] . However, treatment with metformin was shown to synergistically promote DDPinduced cytotoxicity under glucose-deprivation conditions. As shown in Figure 1 In glucose-deprivation medium, metformin caused a significant reduction of ATP synthesis and interfered with the AMPK and AKT signaling pathways in ECA109 cells.
The cellular ATP levels of ECA109 cells were measured after treatment with 200 M metformin for 24 hours in either high glucose medium or glucose-deprivation medium. As shown in Figure 2 (a), 200 M metformin treatment did not induce a significant change in the cellular ATP level in ECA109 cells cultured in high glucose medium. In contrast, a significant reduction in the ATP levels was observed in ECA109 cells treated with 200 M metformin in glucosedeprivation medium.
To gain insight into the molecular mechanisms that underlie the differential effects of metformin on DDPinduced cytotoxicity in varying levels of glucose, we studied the activation status of AMPK and AKT kinases, which play a well established role in energy sensing and survival signaling and are involved in cell proliferation and cellular resistance to DDP. As shown in Figure 2(b) , the addition of 200 M metformin to high glucose medium further augmented AMPK activation, whereas the addition of 200 M metformin under glucose-deprivation conditions led to a significant inhibition of AMPK activation. As for AKT, the addition of 200 M metformin slightly inhibited AKT phosphorylation in high glucose medium, whereas the addition of 200 M metformin under glucose-deprivation conditions led to a significant inhibition of AKT phosphorylation. Addition of 1 M DDP significantly altered AKT activation status. AKT phosphorylation was significantly inhibited by DDP addition under high glucose condition. It was coincident with our observation that DDP showed most significant cytotoxicity on cells in high glucose medium. We also found that 200 M metformin addition in the high glucose medium maintained the phosphorylation of AKT from the inhibition effect of DDP. This may be due to the intracellular reductive state caused by metformin [13] , which elicits the protective effect against the toxicity effect of DDP. As expected, AKT phosphorylation level was lowest in the metformin and DDP combination group under glucose-deprivation condition, which was coincident with the observation that the combination group showed significant synergistic effect on cytotoxicity.
Under glucose-deprivation conditions, metformin significantly impaired the DDP-induced DNA damage repair process.
DDP induces DNA cross-links and does not directly induce DNA double-strand breaks (DSB) or phosphorylation of H2AX. H2AX phosphorylation within cells treated by DDP has been considered to be associated with active DNA repair process, which includes nucleotide excision repair (NER) and nonhomologous end joining (NHEJ) [15] . Therefore, the extent of -H2AX was a surrogate marker to assess the DNA damage in DDP-treated cells. We examined the extent of -H2AX in control cells or cells treated for 3 hours with 200 M metformin with or without 1 M DDP under both high glucose and glucose-deprivation conditions. As shown in Figure 3 , our experiments showed that there were nearly no -H2AX foci within intact ECA109 cells maintained in both high glucose and glucose-deprivation medium. We observed the expression of -H2AX foci was 
Discussion
Dozens of studies depict the antitumor effects of metformin and the potential underlying mechanisms. However, most of these studies were performed in common cell culture medium, which contains an abundance of glucose (10 to 25 mM). This in vitro cell culture condition with an artificially high glucose level may mask many physiological biochemical reactions that occur in vivo, particularly those associated with energy metabolism. The results from these studies showed that metformin exerts antitumor effects at high drug concentrations in the millimolar range, which are not physiologically achievable in the plasma of diabetes patients who use metformin (micromolar concentrations) [16] . Additionally, a series of studies warned that metformin may exert a cytoprotective effect against the common chemotherapy agent, DDP [13, 14, 17] . Based on these findings, some researchers have criticized the use of metformin in future anticancer therapy investigation. However, in this study, we showed that metformin-induced cytotoxicity is enhanced under glucosedeprivation conditions. Based on the calculated IC 50 values, the cytotoxic effect of metformin on ECA109 cells increased approximately 32-fold in glucose-deprivation medium compared with that obtained for cells cultured in high glucose medium. Additionally, we showed that metformin synergistically augments DPP-induced cytotoxicity under glucosedeprivation conditions. Although the precise mechanism underlying the antitumor effects of metformin remains elusive, convincing data suggest that the modulation of energy metabolism may play an important role in metformin's pharmaceutical effect [16] . Previous works suggested that metformin exerts its biochemical effect in cancer cells primarily via inhibition of respiratory-chain complex 1 in a dose-dependent manner, thus reducing mitochondrial oxidative phosphorylation (OXPHOS) and ATP production [16] . Under high glucose conditions, cancer cells can elevate their glycolytic efficacy via activation of AMPK signaling to maintain ATP production and achieve energy homeostasis [18, 19] . However, under glucose-deprivation conditions fuel supplies may be more tightly restricted and promoting glycolysis to meet ATP production demands may be unsustainable and lead to energy collapse and cell death [20] . Indeed, our results support this hypothesis, and we observed a marked reduction in ATP levels after 24 hours of treatment with 200 M metformin in glucose-deprivation medium. Consistent with previous works [13, 14] , our data suggest that metformin exerts a slightly cytoprotective effect against DDP in ECA109 cells cultured under high glucose conditions. Of note, this cytoprotective effect was observed at high drug concentrations of metformin in the millimolar range. Damellin et al. [13] suggested that the major mechanism underlying metformin-induced DDP resistance results from a significant increase in glycolysis and the intracellular NAD(P)H levels with a concomitant increase in the levels of reduced intracellular thiols, leading to decreased DDP-DNA adduct formation. Alternatively, work by Janjetovic et al. [14] suggests that metformin reduces DDP-induced anticancer activity in vitro through the AMPK-independent upregulation of the AKT survival pathway, because metformin induces AKT activation in DDP-treated cells and treatment with an AKT inhibitor abolishes the antioxidant and antiapoptotic effects of metformin. In this study, we found that treatment with 200 M metformin induced slight inhibition of the phosphorylation of AKT and slightly enhanced the activation of AMPK in high glucose medium. However, under glucosedeprivation conditions, the addition of metformin caused cellular energy homeostasis collapsing and induced significant synergistic cytotoxicity, and a significant inhibition of both AMPK and AKT phosphorylation was observed.
Convincing evidence indicates that the activation status of AKT is tightly associated with cellular DNA DSB repair function in cells [21] . To evaluate the effect of metformin on DNA repair function under different glucose conditions, we examined the formation of -H2AX foci in ECA109 cells that were treated for 3 hours with DDP in combination with metformin under both glucose conditions. We found a significant reduction in the formation of -H2AX foci, which serve as DSB repair cassettes, in glucose-deprivation medium compared with that found in the high glucose medium. Thus, our results suggest that, under glucose-deprivation conditions, when glycolytic fuel was limited, the energy supply was significantly restricted in ECA109 cells treated with 200 M metformin, and phosphorylation of AKT was significantly inhibited and then the DNA repair process was severely impaired. In line with this, we observed a significant synergistic cytotoxic effect following combined treatment with metformin and DDP in glucose-deprivation medium.
Recently, metformin has received increasing interest from the medical community due to its distinct anticancer effects, which include as the modulation of cancer cell energy metabolism [20] , targeted killing of cancer stem cells [22] , and inhibition of inflammatory response-associated cell malignancy transformation [10] . Accumulating clinical evidence reinforces the promising anticancer effects of metformin in a variety of cancers, such as esophageal [23] , breast [11] , and prostate ones [24] . A very recent retrospective single-institutional cohort study conducted by Van De Voorde et al. [23] showed that, in patients of esophageal cancer, use of metformin was associated with significantly improved overall survival, significantly increased distant metastasis-free survival, and a higher complete response rate.
To the best of our knowledge, this study provides the first demonstration of the varying effects of metformin on DPP-induced cytotoxicity against the ESCC cell line ECA109, under different glucose levels. In contrast to the cytoprotective effect of metformin observed under high glucose conditions, we showed that metformin synergistically augments the cytotoxicity of DDP in cells cultured under glucose-deprivation conditions. A possible mechanism underlying this difference may be associated with a reduction of ATP production, the inhibition of AKT activation, and the impediment of DNA repair processes. Thus, the use of metformin as a new therapeutic or adjuvant modality in esophageal cancer treatment warrants further investigation.
